An attempt was made to seal the porous silicate-based plasma electrolytic oxidation (PEO) layer on pure magnesium (Mg) with a biodegradable polymer, poly (L-lactide) (PLLA), to delay the localized degradation of magnesium-based implants in body fluid for better inservice mechanical integrity. Firstly, a silicate-based PEO coating on pure magnesium was performed using a pulsed constant current method. In order to seal the pores in the PEO layer, PLLA was coated using a two-step spin coating method. The performance of the PEO-PLLA Mg was evaluated using electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization. The EIS results showed that the polarization resistance (R p ) of the PEO-PLLA Mg was close to two orders of magnitude higher than that of the PEO Mg.
Introduction
Interest in the use of ceramic coatings e.g., calcium phosphate and plasma electrolytic oxidation (PEO), on magnesium and magnesium-based alloys for producing high performance biodegradable implants has grown in recent years [1] [2] [3] [4] [5] . Generally, PEO coating technique, which has evolved from a traditional anodic oxidation process, provides a thick and adherent coating on metal substrates [6, 7] . Recent studies have shown that PEO coatings on magnesium alloys have improved the corrosion resistance in chloride-containing solution [8] and also provide high wear resistant [9, 10] . Unfortunately, the performance of PEO coatings on magnesium alloys deteriorates drastically under long-term exposure in aggressive environments such as in body fluid, i.e., the high chloride-containing electrolyte penetrates through the porous layer and rapidly breakdown the inner compact layer of PEO coating [11] .
Hua et al. [12] reported that use of graphite to seal the porous layer of PEO coated pure aluminium has increased the degradation resistance significantly in chloride-containing solution. But for biodegradable biomaterials applications, the sealing material should be biocompatible and also biodegradable.
Biodegradable polymers such as poly (L-lactide) (PLLA), poly (glycolide) (PGA) and their co-polymers, which are popular in biomedical applications as biodegradable biomaterials, are candidate materials for sealing the pores of PEO coatings due to their biocompatibility [13, 14] and also the slow degradation rate [15] [16] [17] . Recently, Lu et al. [18] studied the in vitro degradation behaviour of PLLA dip-coated on PEO coated WE42 Mg alloy. They reported 40% increase in the initial polarisation resistance (R p ) for the PEO-PLLA coated alloy as compared to that of the PEO coated Mg alloy. Generally, dip-coating method produces a relatively thick coating which might provide high initial resistance. However, long-term exposure of a thick coating can lead to peeling of the coating since the polymer (PLLA) undergoes bulk degradation [16] . It has been reported that spin-coating method can produce a thin and less porous coating than that of dip-coating method [19] . However, a one-step spincoating method might not seal the pores in the PEO coating due to the complexity of the porous structure. Hence, in this study a two-step spin-coating of PLLA was attempted on a silicate-based PEO coating on pure Mg. A low-speed was used as the first step to allow the polymer to permeate through the pores, and then the second high-speed step was used to achieve a thin film on the PEO surface. The in vitro degradation behaviour of the PEO-PLLA coated samples was evaluated using electrochemical techniques in simulated body fluid (SBF).
Experimental Details
Pure Mg (99.9 wt. %) was used as a base material in this study. PEO coating was carried out in an electrolyte containing 2 g/l KOH and 7 g/l Na 2 SiO 3 . A pulsed constant current method i.e., 30mA/cm 2 , 2 ms/18ms pulse on/off time, was applied for 20 min with a final voltage of 483 ± 2V. Further details on the PEO coating technique can be found elswhere [20] . X-ray diffraction (XRD) analysis was performed using a Bruker X-ray diffractometer with Cu-Kα radiation to determine the phase composition of the coating. Following the PEO coating, the samples were immersed in deionised boiling water for 90 min. PLLA (Poly (L-lactide), ester terminated RESOMER® L206 S (Aldrich) was dissolved in dichloromethane (DCM) 60% (w/v) and applied on the PEO coating using a VTC spin coater. The spin coating was conducted in two steps, i.e., firstly a small amount of polymer solution was placed on the PEO surface of the sample and then spin coated at 500 rpm for 10 sec, and the second step coating was done at a rotational speed of 2000 rpm for 10 sec. A lower rotation speed coating was chosen for the first-step coating in order to seal the pores, and the second-step coating was at a higher speed to create a uniform coating on the surface. The coating thickness was measured using a coating thickness gauge (DualScope®, Fischer, Germany).
In vitro degradation studies were carried out in simulated body fluid (SBF) maintained at a physiological pH value of 7.4 and temperature of 37±0. μm, and after spin-coating of PLLA, the total coating thickness was 33±2 μm.
Results and discussion
The Nyquist plots for the pure Mg and the coated samples after 2 h exposure in SBF are shown in Fig. 3 . The pure Mg shows two capacitive loops and one inductive loop. In contrast to the pure Mg, the PEO coated samples showed only one large capacitive loop.
Interestingly, the PEO-PLLA coated samples showed two large capacitive loops, however there was no inductive loop. An equivalent circuit model i.e. R(Q(R(QR))), was used to analyse the impedance data. This model has been used for bare Mg [21] , PEO coated samples [3, 20, 22] and double-layered coated samples [23] . Although the same equivalent circuit was Table 2 . The PEO coated samples showed close to an order of magnitude higher R p than the pure Mg. Importantly, the PEO-PLLA coated samples showed close to three orders of magnitude higher R p than the pure Mg and was close to two orders of magnitude higher R p than the PEO coated samples. The R p values were 470 Ω.cm 2 , 4300 Ω.cm 2 , and 1.18×10 5 Ω.cm 2 for the pure Mg, the PEO coated and the PEO-PLLA coated samples, respectively. For both the PEO and the PEO-PLLA coated samples, the R 2 is significantly higher as compared with R 1, which indicates that the R p for both the coatings depend on the inner layer resistance.
The polarisation curves for the pure Mg, the PEO coated and the PEO-PLLA coated samples are shown in Fig. 4 and the corresponding electrochemical data are presented in Table 3 . The E corr of the PEO-PLLA coated samples was shifted by ~250mV toward the noble direction as compared to that of the pure Mg, whereas the PEO coated samples showed ~100mV shift towards the active direction. The corrosion current density (i corr ) calculated based on the cathodic curves showed that the i corr of the pure Mg was reduced by 65% with the PEO coating and almost by 100% with the PEO-PLLA coating.
Long-term in vitro degradation studies were performed on the bare metal and the coated samples. It should be noted that the SBF was changed after every 24 h exposure to maintain the pH at 7.4. The R p values for the samples at different exposure times in SBF are shown in Fig. 5 . As the R p of pure Mg remained relatively stable at a low value (~ 1000 Ω.cm 2 ), the R p of the PEO coated samples decreased by 80% after 48h, from 4300 Ω.cm 2 to 900 Ω.cm 2 . The drop in the R p values suggests that the electrolyte has penetrated through the porous layer and attacked the base metal. Since the R p of both bare metal and the PEO coated samples were similar and low after 48 h exposure, the experiments for these samples were stopped after 48
h.
The PEO-PLLA coated samples also showed a drop in the R p value after 24 h exposure, however the R p was more than one order of magnitude higher than that of the pure magnesium and the PEO coated samples. The decrease in the R p of the PEO-PLLA coated samples could be attributed to the bulk degradation mechanism of PLLA [24] . It can be noted that the R p value of the PEO-PLLA samples even after 100 h exposure was 5.4×10 3 Ω.cm 2 , which is still significantly higher than the PEO coated samples measured after 48 h.
The results suggest that the PLLA coating has filled the porous of the PEO layer and prevented the penetration of the electrolyte and as a result the PEO-PLLA coated samples showed higher R p than the PEO coated samples throughout the tests. Interestingly, the R p reported by Lu et al. [18] for a PEO-PLA coated alloy was higher than that observed in this study. This could be due to the difference in the pH condition of the electrolyte during the experiments. If the electrolyte is not changed regularly during the long-term experiments, which was the case in Lu et. al. [18] work, the pH of the electrolyte will increase and as a consequence Mg passivates and the R p would not change significantly or it might even increase. Hence, it is critical to change the SBF regularly during the long-term testing to maintain the pH of the electrolyte to mimic the physiological condition. Fig. 6 shows the post-degradation photographs of the pure Mg and the coated samples. The pure Mg has undergone high degradation after 48 h exposure to SBF. High localized degradation is readily seen in the photograph of the pure Mg. The PEO coated samples showed no high localized degradation, but a few patches of localized attack were observed. In contrast to the pure Mg and PEO coated samples, the PEO-PLLA coated samples showed no sign of localized degradation.
The degradation mechanisms of the pure Mg, the PEO coated and the PEO-PLLA coated samples are schematically shown in Fig. 7 . It is well known that high-chloride concentration, as in the SBF, causes high localized degradation in pure magnesium [25] . The native film (MgO) and the degradation product film, Mg(OH) 2 , formed in aqueous solution are not protective in chloride-containing solution [26] , and as a result a high level of localized degradation was observed within 48 h of exposure to SBF. The PEO coating did show some protection against degradation during the initial exposure period of sample. However, the porous nature of the outer film has paved way for the chloride ions to penetrate through and dissolve the inner layer, which led to localized degradation after a period of exposure to SBF.
The double layer coating (PEO-PLLA) has shown a significant improvement in the degradation resistance under short-term exposure. The polymer top layer has acted as a protective barrier and largely inhibited the penetration of the electrolyte. With exposure time, the polymer dissolution occurred and as a result of the bulk degradation mechanism of PLLA, the electrolyte has reached the porous layer and the base metal and hence the resistance has decreased. However, a the penetration of the electrolyte appears to be minimal since the R p was significantly high even after 100 h exposure. It is important to note that there was no sign of localized degradation even after 100 h of exposure to SBF.
Conclusions
The study showed that PLLA coating on PEO coated magnesium is highly beneficial for improving the localized degradation resistance for potential load-bearing implant applications. The PEO-PLLA coated alloy did not show any sign of localized degradation even after 100 h exposure to SBF, while the PEO coated magnesium exhibited localized attack after 48 h exposure. In vivo studies should be carried out to confirm the effectiveness of the coating. Table 1 Chemical composition of the simulated body fluid (SBF) Table 2 EIS fitting results for the pure magnesium, PEO coated and PEO-PLLA coated samples exposed for 2 h in SBF. Note: All experiments were conducted in triplicate and the standard deviations are provided in brackets.
TABLES
Reagent Amount NaCl (g/L) NaHCO 3 (g/L) KCl (g/L) K 2 HPO 4 ·3H 2 O(g/L) MgCl 2 ·6H 2 O (g/L) 1.0 M HCl (mL/L) CaCl 2 (g/L) Na 2 SO 4 (g/L) TRIS buffer (g/L)Sample CPE 1 (Ω -1 .cm -2 .s -n ) n R 1 (Ω.cm 2 ) CPE 2 (Ω 1 .cm 2 .s -n ) n R 2 (Ω.cm
Table 3
Electrochemical degradation data for pure magnesium, PEO coated and PEO-PLLA coated samples from potentiodynamic polarisation curves. Note: All experiments were conducted in triplicate and the standard deviations are provided in brackets. Fig. 1 . XRD spectra of PEO coated Mg sample. 
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